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In Brief Keder et al. have found a novel function for the Hippo tumor suppressor pathway in asymmetric cell division (ACD). Warts, a core kinase of this pathway, phosphorylates the ACD regulator Canoe/Afadin, and this is essential in vivo for the correct asymmetry of the division, including ACD modulator localization and mitotic spindle precise orientation.
INTRODUCTION
Asymmetric cell division (ACD) is a fundamental mechanism during development for generating cellular diversity. In addition, over the past decade, a link between ACD, cancer, and stem cell biology has become increasingly evident [1, 2] . The neural stem cells of the Drosophila CNS, called neuroblasts (NBs), are one of the best paradigms in which to analyze the process of ACD [3] . NBs divide asymmetrically to give rise to another NB that retains the self-renewal capacity of the mother stem cell, and a smaller daughter cell called ganglion mother cell (GMC), which is committed to initiating a process of differentiation. The GMC will divide only once more to generate two neurons or glial cells. ACD is tightly modulated by a complex protein network that includes the highly conserved partitioning defective proteins Par6 and Par3 (Bazooka [Baz] in Drosophila) and the atypical protein kinase C (aPKC), all of which asymmetrically accumulate at the apical pole of dividing NBs [4] [5] [6] [7] . The Par complex binds to the adaptor protein Inscuteable (Insc), which physically interacts with the tetratricopeptide repeats (TPRs) present at the N-terminal domain of Partner of Inscuteable (Pins). The GoLoco motifs at the Pins C-terminal domain in turn bind the heterotrimeric G protein subunit Ga, which is attached to the membrane through a myristoyl group [8, 9] . The tumor suppressor Discs large (Dlg) binds the Pins LINKER middle domain and the Kinesin heavy chain 73 (Khc-73), which is associated to aster microtubules, to promote spindle orientation. Then, the microtubule-associated protein Mushroom body defect (Mud)/NuMA (in vertebrates) binds to Pins TPR motif, displacing Insc and further reinforcing the apicobasal orientation of the spindle [10] [11] [12] [13] [14] [15] . In addition, the Par complex allows the asymmetric distribution of cell-fate determinants, such as Numb and Prospero (Pros), and their adaptor proteins Partner of Numb (Pon) and Miranda (Mira), at the basal cortex of the NB [16] (and references therein).
A few years ago, we identified a novel component of the apical complex, the PDZ (PSD-95, Dlg, ZO-1) domain-containing protein Canoe (Cno)/Afadin. Cno, in a complex with Pins, contributes to proper Mud localization and spindle orientation, as well as to the correct asymmetric distribution of cell-fate determinants in metaphase NBs (mNBs) [17] . In an attempt to further characterize the protein network that regulates the process of ACD, we carried out a yeast two-hybrid screening looking for novel partners of Cno. Apart from strong-interacting partners, such as Rap1, which we found functions with the also small GTPase Ral in asymmetric NB division [18] , some weak interactors, such as the serine-threonine kinase Warts (Wts)/LATS1 and LATS2 in vertebrates, were also isolated [19, 20] .
Wts belongs to the highly conserved Hippo tumor suppressor pathway, which is involved in cell growth, cell death, and organ size regulation [21] [22] [23] . The core of the Hippo pathway is a cassette formed by the serine-threonine kinases Hippo (Hpo) and Wts, the scaffolding protein named Salvador (Sav) that links Hpo and Wts, and Mob-as-tumor-suppressor (Mats), an essential co-factor of Wts [19, 20, [24] [25] [26] [27] [28] [29] [30] [31] . Hpo phosphorylates and activates Wts, which in turn phosphorylates and inactivates the transcriptional co-activator Yorkie (Yki)/Yes-associated protein (Yap) in mammals, thereby maintaining it in the cytoplasm [32, 33] . The inactivation of the Hippo pathway results in the translocation of dephosphorylated Yki into the nucleus where, along with DNA-binding cofactors such as the transcription factor Scalloped (Sd), it activates pro-growth and anti-apoptotic target genes [32] [33] [34] [35] [36] . Multiple upstream regulators of the Hippo pathway core cassette have been described. For example, the Expanded (Ex)-Merlin (Mer) complex, which also includes Kibra and the transmembrane and polarity protein Crumbs (Crb), the Fat (Ft) pathway and a Lethal Giant Larvae (Lgl) complex have all been implicated in Hippo signaling [22, 23] (and references therein).
Here, we uncover a novel function of Hippo pathway core components in regulating ACD in different progenitor cells, including embryonic and larval NBs, as well as embryonic muscle and heart progenitors.
RESULTS

Cno Genetically Interacts with Wts and Other Core Components of the Hippo Pathway
We isolated the kinase Wts as a weak Cno interactor in a yeast two-hybrid screening and, given the described function of Cno during ACD, we tested whether Wts and other components of the Hippo pathway were also involved in regulating this process. We first analyzed genetic interactions between cno and different components of the Hippo pathway during the generation of the GMC-1 neuronal lineage. This GMC divides asymmetrically to give rise to two different neurons called RP2 and RP2 sibling. At early stages, both neurons express the transcription factor Even-skipped (Eve), but at later stages in embryogenesis only the RP2 neuron retains Eve expression. Hence, under normal conditions, only one Eve + RP2 neuron is detected per hemisegment ( Figures 1A and 1B) . However, mutant embryos in ACD regulators show defects in the number of RP2 neurons. By analyzing transheterozygous mutant combinations, a classical genetic tool to determine whether two genes cooperate in regulating the same biological process, we found significant interactions between cno and core Hippo pathway components during the generation of the RP2 lineage ( Figures 1C and 1D ). Additional interactions were detected between cno and other upstream regulators of the Hippo pathway, such as Ft, Ex, and Mer ( Figure 1D ).
Next, we studied genetic interactions between wts and multiple ACD regulators. In addition to the strong interaction with cno already tested, wts showed robust genetic interactions with Rap1, aPKC, baz, insc, pins, Gai, and Khc-73 (Figure 2A ). The Aurora (Aur) kinase, the tumor suppressor Scribble (Scrib), and the cell-fate determinants Pros and Numb also displayed very significant interactions (Figure 2A ). The lack of interaction between wts and mud or l(2)gl may be due to a strong maternal contribution of these gene products (Figure 2A ). Figures 3A-3G ), whereas Gai, Pins, and Insc were not affected or affected to a lesser degree (data not shown; see quantification in Figure 3G ). The basal localization of the cell-fate determinants Pros and Numb at mNBs was also altered (Figures 3A-3D 00 and 3G), whereas the adaptor protein Mira was less affected (data not shown; see quantification in Figure 3G ). Numb and Pros were also analyzed at telophase, showing the phenotypes partially rescued (phenomenon known as ''telophase rescue''): in Numb 7.4% (n = 54 NBs) and in Pros 20.6% (n = 34 NBs) of failures were found at telophase compared with 28% of Numb (n = 76 NBs) and 58% of Pros (n = 91 NBs) failures found at metaphase ( Figure 3G ). The apicobasal orientation of the mitotic spindle also failed in 40% of the mNBs analyzed (n = 76) in wts x1 glc compared with 15% misoriented spindles in control embryos (n = 78 NBs) (Figures 3H-3I 0 ). Finally, the characteristic unequal size of NB daughter cells was lost in 18.2% of the telophase NBs analyzed in wts x1 glc (n = 88) compared with 3.4%
Wts and
in control embryos (n = 89) (Figures 3J-3K 0 ). To support these results, we analyzed sav 3 glc mutants. The localization of both Baz and Numb were decreased in these mutants (Figures 3L-3M 00 and 3P), and the spindle orientation was also defective ( Figures 3N and 3O ). Together, these results support a function for core components of the Hippo pathway during asymmetric NB division.
Wts Is Expressed in Embryonic NBs throughout Mitosis
Next, we wanted to analyze the expression of Wts in NBs. We used an antibody against a highly conserved peptide in human LATS1-2 that we found specifically recognizes Drosophila Wts ( Figure S1 ). Wts was detected in all embryonic NBs in a characteristic punctate pattern, and it was mainly concentrated in the cytoplasm ( Figures 4A-4B 000 ). To follow Wts localization throughout NB mitosis, we used the mitotic marker Phospho-Histone H3 (PH3). Wts was homogenously detected in dividing NBs with a slight apical enrichment at metaphase (11% fluorescence increase in the apical side; n = 53 NBs analyzed) ( Figures 4C-4F 0 ).
Wts Is in a Complex In Vivo with the Apical Proteins Insc and Baz
Given the localization of Wts in mitotic NBs and the specific defects in ACD we observed in wts x1 glc, we speculated that
Wts might be in a complex with some apical proteins. aPKC and Baz from the Par complex, Insc, Pins, and Gai from the Pins complex, and Cno and Rap1 from the Rap1 complex were tested in coimmunoprecipitation experiments from embryo extracts and from Drosophila S2 cells. Under those conditions, only Baz and Insc showed a robust interaction with Wts ( Figures  5A and 5B).
Wts Phosphorylates Cno
Since Wts was isolated as a possible Cno protein interactor in our yeast two-hybrid screening and Cno contains two conserved Wts consensus sites in its sequence, (E) Percent of hemisegments with failures in the number of RP2 neurons; the number of hemisegments analyzed is indicated over each bar in both (A) and (E); ***p < 0.001, **p < 0.01.
we investigated whether Wts was able to phosphorylate Cno in an in vitro kinase assay. A FLAG-Cno truncated protein (1,100-2,051 amino acids) containing the Wts consensus motifs was purified from S2 cells and incubated in the presence of recombinant human LATS1 kinase and radioactive ATP. Whereas little Cno phosphorylation was observed without adding LATS1, phosphorylated Cno was strongly detected in the presence of the kinase ( Figure 5C ). Given that Insc and Baz were able to coimmunoprecipitate with Wts and that Baz, but not Insc, contains multiple consensus motifs of Wts, we also performed in vitro kinase assays using 3xFLAG-tagged Baz purified from S2 cells. While some Baz phosphorylation was detected in the control samples, presumably due to co-purified kinases, addition of LATS1 markedly increased Baz phosphorylation (Figure 5C ). Together, these results indicate that both Cno and Baz are phosphorylated in a Wts-dependent manner in vitro.
To further explore the regulation of Cno and Baz by Wts, we sought to identify the target residues on both proteins. First, the two conserved Wts consensus phosphorylation sites in Cno (S1196 and T1380) were mutated; however, this mutated Cno protein in presence of LATS1 only led to a slight reduction in Cno phosphorylation (data not shown). This result suggested that there could be additional non-consensus phosphorylation motifs in Cno recognized by LATS1. We therefore performed additional kinase assays in the presence or absence of LATS1, followed by mass spectrometry analysis. Using this approach, we identified one additional non-consensus putative phosphorylation site in Cno (T1394). Mutation in the non-consensus site alone (CM) showed a more apparent effect on Cno phosphorylation ( Figure 5C ). However, only when all three sites (S1196, T1380, T1394) were mutated (CMW), a marked reduction of Cno phosphorylation by LATS1 in vitro was observed ( Figure 5C ). This is consistent with Cno being a Wts/LATS phosphorylation target implicated in ACD. In the case of Baz, we were unable to identify the functional phosphorylation sites using candidate and mass spectrometry approaches.
To analyze the potential in vivo relevance of Cno phosphorylation by Wts, we generated transgenic flies carrying UAS-GFP::full length Cno wild-type (WT) or a mutated form (i.e., in the three Wts consensus and non-consensus sites identified), and we analyzed their expression with the NB-specific Gal4 driver wor-Gal4. While crescents of GFP-Cno WT were not clearly detected in 6.1% of dividing NBs (n = 66), crescents of GFPCno Mut protein were defective in 46% of the NBs analyzed (n = 87); the localization of aPKC was not affected ( Figures 5D-5E 00 ). This result indicates that Cno phosphorylation by Wts is (A-B 00 ) In control embryos, aPKC localizes in an apical crescent in mNBs (red arrows in A and A 00 ), opposite to the basal Numb crescent (green arrows in A and A 0 ).
In wts x1 glc mutants, aPKC and Numb crescents are not detected in mNB (red and green arrows in B-B 00 ).
(C-D 00 ) In control embryos, Baz localizes in an apical crescent in mNBs, opposite to the basal Pros crescent (green and red arrows in C-C 00 ). In wts x1 glc mutants, Baz is not detected, and Pros appears cytoplasmic in mNB (arrows in D-D 00 ).
(E-F 00 ) Cno (in green and red) is apically detected in control embryos (arrow in E-E 00 ) and is absent in wts x1 glc mutants (arrow in F-F 00 ).
(G) Quantification of the phenotypes in wts x1 glc (note that % of both defective NBs and embryos were analyzed).
(H-I 0 ) Confocal micrographs (H and I) showing an mNB. In control embryos, the mitotic spindle (depicted by a dotted line) is orientated along the apicobasal axis of cell polarity (H), whereas in wts x1 glc mutants, the spindle appears misorientated X with respect to this axis (I).
(H 0 and I 0 ) Percent of mNBs analyzed (n) with aberrant spindle orientation in the indicated windows (0 -15 of deviation with respect to the A-P axis is considered ''wt''). See also Figure S1 .
required in dividing NBs in vivo for its apical stabilization. Moreover, the expression of GFP-Cno Mut was associated with failures in the apical localization of Dlg in 53% of mNBs analyzed (n = 49), whereas GFP-Cno WT protein did not cause any defects in the apical distribution of Dlg (n = 30 mNBs) ( Figures 5F-5H 00 ). However, the apical localization of Pins was not affected in presence of GFP-Cno Mut protein (n = 38 mNBs) ( Figures 5I-5J  00 ) . These results suggest that the phosphorylation of Cno by Wts is not required for the apical localization of Pins but it does contribute to the apical recruitment of Dlg. In the embryo, muscle and heart progenitors also divide asymmetrically and Cno contributes to the regulation of this process [17, 38, 39] . The lineages of two dorsal muscle and heart progenitors, called P2 and P15, have been characterized in detail [38, 40, 41] (Figure 6F) Figures 6M-6O) . Hence, the core components of the Hippo pathway Wts and Mats also regulate the asymmetric division of muscle and heart progenitors.
DISCUSSION
In the present study, we have uncovered a function of core components of the Hippo signaling pathway during ACD in Drosophila, a function that will further our understanding of this intricate process ( Figure 7A ). Protein phosphorylation is at the heart of ACD, with aPKC, Aurora, and Polo all performing key regulatory steps [42, 43] . Here, we observed that the kinase Wts/LATS1 phosphorylates Baz and Cno, two key regulators of ACD, in vitro. Using a combination of candidate Wts consensus sites and a mass spectrometry approach on in vitro phosphorylated proteins, we identified several putative target sites for Wts on Cno and Baz. Mutation of the Wts candidate (C) A truncated (1,100-2,051 amino acids) WT or mutated forms of Cno (CMW and CM) and a full-length WT form of Baz were incubated with or without human LATS1 active kinase (LATS1 was used as it was technically difficult to make full-length recombinant Wts). Cno WT shows a slight phosphorylation in the absence of LATS1 and is strongly phosphorylated in the presence of the kinase (red bracket). Cno mutated form CM (T1394A) in Wts non-consensus site already shows a decrease in phosphorylation; in Cno CMW, mutated in all Wts consensus and non-consensus sites, a high reduction of phosphorylated Cno protein is detected (arrowhead). Some Baz WT phosphorylation is detected in the absence of LATS1, but the addition of LATS1 markedly increases Baz WT phosphorylation (red bracket). Gels stained with SimplyBlue SafeStain revealing the amount of protein loaded for all samples are shown below the radiographs. Quantification of Cno phosphorylation (n = 3 independent experiments) and Baz phosphorylation (n = 2) is also shown. These quantifications (Y axis) are based on measurements of band intensities of the blots using ImageJ. Error bars represent SD. Among the apical proteins, Pins and Galphai are essential for the orientation of the spindle [44] . First, the Pins LINKER domain binds Dlg that in turn interacts with Khc-73, which is associated to aster microtubules, promoting spindle orientation. Then, the Pins TPR domain recruits Mud, which is also associated to aster microtubules through Dynein/Dynactin, further improving the apicobasal orientation of the mitotic spindle [13] . In wts mutants, [11, 15] . Taking all these data together, our working model ( Figure 7A) proposes that the activation of the Hippo pathway in NBs promotes the phosphorylation of Cno and possibly Baz by Wts, which associates with both Baz and Insc. These changes could increase the affinity of Pins TPR for Cno, allowing it to displace Insc. Thus, phosphorylated Cno could contribute to Dlg recruitment to Pins LINKER domain and later of Mud recruitment to Pins TPR domain [45] . How Cno is displaced by Mud from the Pins TPR motif is not known, but we can speculate that a putative dephosphorylation of Cno and/or post-translational modification of Mud may be involved ( Figure 7A ). In addition to Wts, the other core components of the Hippo pathway (Hpo, Sav, and Mats) also showed defects in the ACD of different types of progenitors when they were compromised. This Hippo core cassette commonly acts by negatively regulating Yki activity; Wts phosphorylates Yki maintaining it localized in the cytoplasm and then constraining its transcriptional activity [21] [47, 48] . Hence, it will be interesting to investigate this potential ''non-canonical'' cytoplasmic function of Yki in ACD further. ACD is a crucial process for generating cellular diversity during development, and its disruption is associated with tumor formation. Intriguingly, the Hippo pathway is a tumor suppressor pathway, and it has been reported to control stem cell identity [23] . Hence, the function of core components of the Hippo pathway in ACD described here might also impinge on our understanding of the Hippo pathway function and how its disruption leads to tumor formation in stem cells. For instance, impairment of the Hippo pathway could favor proliferative (symmetric) versus differentiative (asymmetric) divisions, leading to increased overgrowth. In this context, the Hippo pathway would not act by transcriptional regulation but by regulating the cortical localization of ACD modulators ( Figure 7B ).
In summary, our work has uncovered a novel function for core components of the Hippo signaling pathway in ACD. As mention above, given the connections between ACD, stem cells, and the role of the Hippo pathway as a tumor suppressor, it is an attractive possibility that alterations in this pathway lead to tumor formation via aberrant stem cell divisions.
EXPERIMENTAL PROCEDURES
In Vitro Kinase Assays and Mass Spectrometry Kinase reactions were performed in a kinase buffer containing protease inhibitor cocktail (Roche), phosphatase inhibitors 1 and 3 (1:100, Sigma), 100 mM of cold ATP and 3 mCi of 32 P g-ATP. 0.3-0.5 mg of the FLAG substrate (Cno, Baz, or Numb) and 200 ng of human LATS1 active kinase (SignalChem) were mixed in a total volume of 25 ml. The kinase reaction was performed at 30 C and, after a short centrifugation, SDS loading dye was added. Samples were boiled for 5 min prior to gel loading. Gels were stained with SimplyBlue SafeStain (Life Technologies), dried for 2 hr using a gel dryer, and subsequently exposed to X-ray film. The intensity of the kinase assay signals was quantified using ImageJ and the acquired data analyzed using Prism6. For mass spectrometry analysis, kinase assays were carried out as described above but without the addition of 32 P g-ATP. Samples were sent to the Taplin Biological Mass Spectrometry Facility (Harvard) for analysis, where samples were analyzed using an Orbitrap Velos Pro (Thermo Fisher Scientific). The data were searched using the Sequest algorithm. The database for Drosophila was downloaded from Uniprot.
Further details on experimental procedures are described in Supplemental Experimental Procedures.
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